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CRYSTAL STRUCTURE OF STRONTIOGINORITE,
(Sr, Ca)zBraO2o(OH)6. 5H2O1

Juorrrr A. KoNNBnr, JoeN R. Cranr, AND C. L. Cunrsr
U. S. Geological Suraey, Washington, D.C. 20242 and

Menlo Pork, Cali.fornia 94025.

ABSTRACT

Determination of the structure of strontioginorite using a crystal of type material from
Reyershausen, Germany, confirms the composition of the mineral as 2(Sr,Ca)O.7BrOa
'8HzO, and reveals that it contains a nei.v kind of boron-oxygen polyanion, [B1aO26(OH)6]a-.
The crystal studied has a Sr:ca ratio of 1 (by X-ray milliprobe analysis), is monoclinic,
P21/a,wi tha:12.8t7,b:14.448,c: t2.783 A lat t  +O.OOS h,B: tOt.+2X0.O8",V:2320
Aa, Z:4[SrCaB'rOgo(OH)o.SHsO], and density (czlc.):2.26u g/cm3. Approximately 2800
hkl' data were collected from the crystal by counter techniques, using cuKc radiation. The
structure was solved by use of the synnbolic addition method, together with successive
electron-density difference slmttreses, and study of a ball-and-stick model. Least-squares
refinement reduced the conventional R to 6.4 percent for the 2350 data with lfol >+
standard deviations (counting statistics). The [Buozo(oH)u]n- polyanion is formed by
corner-sharing between two crystallographically distinct tunellite-like polyanions, one of
which has attached a linear side chain of composition [BrOr(OH)s]1-, the,dimer of boric
acid. The establishment of this type of poly'rnerization significantly extends tJre prin-
ciples governing the formation of complex boron-oxygen polyanions in crystals. The
[B14Or0(OH)0F- polyanions are linked into sheets parallel to (010); the sheets contain
8-coordinated ca2+ and l0-coordinated Sr2+. water molecules lie between the layers and
help hold them together through hydrogen bonding. The layers are directly linked by two
Sr-OH bonds and by additional hydrogen bonds. The sheet structure is in accord with the
(010) platy habit and perfect cleavage of the crystal.

fNrnooucrrox

As part of a systematic study of borate minerals, we have continued
our investigation of the crystal structures of minerals that occur in the
system r}1O-BrOB-H2O, where M represents a divalent cation. In the
present paper we describe the crystal structure of a strontioginorite,
(Sr ,  Ca)2B1aOro(OH)u '  5HzO, for  which Sr :Ca:1.

The name strontioginorite was given by Braitsch (1959) to the mineral
discovered in the Kiinigshall-Hindenberg salt mine, at Reyershausen,
near Gdttingen, Germany. Braitsch established that the mineral was a
hydrated borate with Sr:Ca ratio of approximately 1.3:0.7. Scarcity of
I studies of borate minerals (Xrv). Publication authorized by the Director, u. S. Geological
Survey.
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Strontioginorite Strontioginorite Ginorite Volkovite
SrCaBrOro(OIf)o Srr.aCarzBrOzo(OH)o CarBrOm(OH)o SrCaBrOm(OH)o

.5HzO .sHro(?)
(Present study) (Braitsch, 1959) (Koudrat'eva, 1963) (Nefedov, 1953)

'sHrO '5HzO

a (A)
b (A)
c (A)
p
Cell volume (Ar)

Space group

Density (g/cmi) calc

Density (g/cm3) obs

t 2 . 7  4 +  0 . 0 1
14.36+ O.02
12.82 !O .02
100'46',i 18',
2304
P2r/a
4
2 .130
2.O9^
2 . O 7 h

1 2 . 8 1 7  t  0 . 0 0 8  1 2 . 8 5  1  0 . 0 1
1 4  4 4 8 t 0 . 0 0 8  1 4  4 8 1 0 . 0 1
1 2  7 8 J I 0 . 0 0 8  r 2 . 8 5 t 0 . 0 1
r01"25 ' ,105 ' ,  101"35 ' ,1  10 ' ,
2320 2340
P2t/a P2r/a
4 4
2 26s

L <

a D'Achiardi (1934).
b Allen and Kramer (1957).
c Nefedov gave o, D, c in kX units; conversion of these to ,{ units (lkx : I 0026 i) and volume calculation

by present authors

material precluded a complete chemical analysis, but Braitsch assumed

a composition 2(Sr, Ca)O ' 7B2Oa ' 8H2O, based on the close similarities

of the powder pattern, optical properties, and density of the Reyers-

hausen mineral to those of the mineral ginorite, for which the composi-

tion had previously been established as 2CaO ' TBzOt'8HzO (D'Achi-

ardi, 1934; Hey and Bannister, 1952; Allen and Kramer, 1957)' More

recently, Kondrat'eva (1963) determined the unit-cell constants and

space group of ginorite by single-crystal X-ray studies, and again veri-

fied the close relationship of ginorite to strontioginorite. The assumed

chemical composition for strontioginorite is confirmed by the present

study in which the chemical formula of type material from Reyershauseh

is determined directly by the crystal structure analysis and by X-ray

milliprobe analysis.
A third mineral, volkovite, originally considered by Nefedov (1953)

to be a hydrous borate of Sr and K, was later described by him (Nefedov,

1955) as a hydrous Sr, Ca borate, containing approximately equal

amounts of Sr and Ca, and related to ginorite. As was noted by Braitsch
(1959), volkovite has single crystal X-ray and optical properties similar

to those of strontioginorite. In Table 1, crystallographic data for stron-

tioginorite, ginorite, and volkovite are compared.
The phase 2SrO ' TBzOz ' SHzO was synthesized in 1960 by R' C' Erd,

U.S. Geological Survey (oral comm., 1960); it was found by him to have

an X-ray powder pattern and optical properties similar to those of

strontioginorite and ginorite. Erd's method of synthesis has been con-

firmed by Berdesinski and Meixner (1965). The mineral of composition

2SrO ' 7B2OB'SHzO is apparently not known.

12.93c
14.40
12.79
roo"27'
2342c
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Data are Iimited on the extent of solid solution between
2SrO . 7B2Oa . 8H2O and 2CaO .TBzOs . 8HzO. The ginorite from
Death Valley, Calif., described by Allen and Kramer (1957) was found
by them to contain Sr, with Ca:Sr:1.9:0.1. These authors point out
that the Tuscany ginorites described b-v Hey and Bannister (1952)
probably did contain small but significant amounts of Sr, although this
was not reported. The ginorite from the Kungar formation in the Cas-
pian Sea area studied by Kondrat'eva (1963) was reported not to con-
tain Sr. In this laboratory, preliminary results of X-ray milliprobe
analyses of four Reyershausen strontioginorite crystals indicate that the
Sr: Ca ratio is variable around the 1: 1 ratio. It is clear, from all of these
results, that there can be at least limited mutual replacement between
Sr and Ca near the Ca end-member, ginorite, and near the Sr:Ca:1
composition, strontioginorite. There are no data on the substitution of
Ca for Sr in 2SrO . TBzOz . 8H2O. As is discussed in greater detail sub-
sequently, our structure analysis of the Sr:Ca:1 crystal shows that
Ca and Sr occupy distinct sites, Sr being l0-coordinated with an average
Sr-O distance of 2.68 A, and Ca, 8-coordinated with an average Ca-O
distance of 2.51 A. Taketr at face value, these facts would indicate that
variations in the Sr: Ca ratios in strontioginorite would be limited. How-
ever, the X-ray powder patterns of ginorite, strontioginorite, and the
synthetic 2SrO ' 7B2Oa. 8H2O are quite similar. This similarity indi-
cates that the structural variation is such as to preserve the main fea-
tures of the structure while allowing for accommodation of the different
sized Ca and Sr ions. On this basis, then, it is possible that solid solution
can occur over a large part or all of the range from 2CaO . 7BrOr. 8H2O
to 2SrO . TBzOr . 8HrO.

In the present paper, we have not concerned ourselves with problems
of nomenclature and wish to defer to others the proper naming of the
minerals concerned. However, it does not seem likely that this naming
can be done objectively until the nature of the solid solution is known.
We use the name strontioginorite for the phase whose crystal structure
we have determined.

ExpnnrurNrel Dete

Cel,l. porameters, Symmetry, Physieal and Chemical Pro.perties. The crystal used for the struc-
tural study was a platy cleavage fragment,0.27X0.20X0.06 mm, cut from one of the large
Reyershausen crystals described by Braitsch (1959) and supplied by him to R. C. Erd, U. S.
Geological Survey, who in turn made it available to us. The monoclinic P2tfa syil;rrne1.ry
reported by Braitsch (1959) was confirmed. The cell parameters determined in the present
study are compared with tlrose of Braitsch in Table 1. The density of strontioginorite,
2.25 g/cm', measured by Braitsch, is in good agreement with ttre value of 2.26s g/cmg
calculated for 4[SrO'CaO.7BrO3.8HrO], using the cell constants of the present study.
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There was not enough of the Reyershausen material for a complete chemical analysis, but

an X-ray milliprobe analysis for the Sr and Ca content of the crystal used in the structure

analysis yielded the ratio Sr: Ca: 1. The analysis was made by H. J. Rose, Jr., and Ralph

Christian, U. S. Geological Survey
X-ray difiraction powder data were given by Braitsch (1959); refinement of these data

by least-squares computer methods to obtain more precise cell parameters proved abortive

because of the ambiguities in indexing caused by the small difierence between @ and c. New

powder measurements could not be obtained due to the scarcity of material. Accordingll',

lattice parameters were determined from precession film measurements, using calibrated

crystal-to-film distances and shrinkage corrections. The errors listed in Table 1 are best

estimates, based on repeated measurements by two observers

of the six Reyershausen crystals available to us, two appear to be twinned. Braitsch

(written comm., 1961) reported having found "twins of strontioginodte with [101] as twi[

axis". Possible twinning is being investigated presently, and the results will be reported

elsewhere. The crystal used in the study of the structure was not twinned'

Doto Col,Iuti,on, Processing and Ref.nement Proceilures. The Picker automatic diffractometer

with a scintillation counter was used for collection of about 2800 reflections with Ni-filtered

Cu X-radiation set at a take-off angle of 3o. The 2g-scan method was used, the scan range

being calculated following the equation for cuKq radiation given by Alexander and smith

(1964), with constants adjusted slightly to increase the scan range' Background counts of

20 seconds duration were made for each reflection at the beginning and end of the scan

range. The crystal was mounted with o* parallel to the 4-axis, and the (212) reflection was

monitored as a standard aJter each 30 measurements; some equivalent reflections were also

checked.
Computer programs, written by C. T. Prewitt, SUNY, Stony Brook, and modified by

D. E. Appleman, U. S. Geological Survey, for the IBM 360/65, were used to obtain the

diffractometer settings and to reduce the raw data, including corrections for the total back-

ground count, absorption (p:67.1 cm-l), and Lorcnl:, and polarization factors (program

ACACA). No corrections were made for extinction, either primary or secondaryl the data

appeared to be relatively unafiected by primary extinction. Reflections for which ]P6] was

less than four times the standard deviation in I Fo I as determined by the counting statistics

numbered 456. These data were coded as t'less-thans" and omitted during the refinements,

which used 2350 nonequivalent reflections.

Computer programs from X-Ray 67, Progrom' System Jor X-Ray Crystallogra.phy'by

J. M. Stewart. University of Maryland, adapted for the IBM 360/65 by D. E' Appleman,

U. S. Geological Survey, were used for obtaining normalized structure factors, for determi-

nation of phases, and for calculations of Fourier syntheses and least-squares planes. Pro-

grams written by L. W. Finger, Geophysical Laboratory, Washington, D. C., were used

for least-squares and site occupancy refinements, and calculations of bond distances, bond

angles and thermal ellipsoids. Because of the large number of atoms (47), only individual'

isotropic thermal parameters were refined for boron and oxygen atoms' Anisotropic ther-

mal parameters were determined for Sr and Ca in the final cycles. The atomic scattering

factors used in the calculations were obtained from a nine coemcient analytical function

(Cromer and Waber, 1965), using the coefficients of Doyle and Turner (1968, Table 3) for

neutral oxygen and boron, Ca2+ and Sre+. Anomalous dispersion corrections were included

in the calculations. Unit weights were used throughout the refinements.

DerrnurNlrroN oF TEE Stnuctune

The structural problem consisted of locating one Sr, one Ca, 14 boron and 31 oxygen

atoms in the general fourfold positions 4e of space group P21fa. A three-dimensional Pat-
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Averages

Normalized
Structure Factors

Experimental Theoretical

(  lE l )
(  l a ' - r l )
(  lE ' l )

l a  l>s .o
ln l>z .o
l E  l > 1 . 0

0. 798
0.968
1.000

Acentric

0.886
o .736
1.000

Distribution (/6)

0 . 3
4 . 4

30.  3

0 . 3
4 . 6

J l . /

0 . 0
1 . 8

3 6 . 8

Signs Fixed to Determine Origin

h h  I t F l
t " l

) 1 7  7

2 1 6

2 . 2 8
3  . 9 1
4 . 3 4

+ 103
+1s3
+387

terson synthesis was calculated, from which the Sr position was readily determined and a

Ca position tentatively assigned. However, because the X-Ray 67 PHASE program was

also available, it was used independently to obtain phases, and no further study was made

of ttre Patterson. The PHASE program is based on the s)'rnbolic addition method for

centrosy.rnmetric structures (Karle and Karle, 1966), and uses the normalized structure

tactors Enw. The statistical averages obtained lor the data are given in Table 2 and confitm

the centrosymmetric assignment. The signs of three reflections lvere chosen positive to fix

the origin (Table 2), following the procedures described by Hauptman and Karle (1953).

The PHASE program was instructed to use reflections rvith | ,El ) 1.5 and relationships rvith
probabilities greater than 0.95; a total of 339 signs iuere unambiguously determined and an

-E-map calculated. The Sr position obtained from the Patterson synthesis was confirmed.
but tbe tentative Ca assignment similarly made turned out to be incorrect. The true Ca
position (peak height 516) was apparent on the -E-map and ten other well defined peaks
(heights 146 to 237) were assumed to represent oxygen atoms. A difierence Fourier slmthe-

sis using calculated structure factors for Sr*Caf 10 oxygens showed that two of the ten

oxygens which had peak heights above 200 on the E-rnap were incorrect, but new peaks

permitted addition of eleven oxygens and two boron atoms to the known list. Study of a

second difierence syntbesis based on calculated structure factors for Sr*Ca*19 oxygens

f 28 revealed t}le locations of three more oxygen and nine more boron atoms. At this stage
in the determination, work with a ball-and-stick model led to identification of two linked
polyanion units, each one similar to tbe [BsOg(OH)r]r polyanion found in tunellite (Clark,

1963). The linked pair appeared to be related by a pseudo c-glide and formed infinite sheets
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parallel to (010) A third difierence s).nthesis indicated the presence of three water mole-

cules, plus a [BzOr(OHhll- chain attached to one of the two tune]liteJike polyanions and so
removing the pseudo c-glide previously observed. A fourth difierence s''nthesis revealed the

remaining two water molecules.
The conventional residual, n:(tllr'l - lf"lllfl lFol , for the 2350 reflections with

Ipol >+ standard deviations was 0.53 for the Sr*Ca-| 10 oxygens initially assigned. With

all atoms located, it dropped to 0.25, and after two least-squares cycles refining positional
parameters followed by two cycles refining positional parameters and individua.l isotropic
temperature factors, R became 0.079. Two further cycles, refning these parameters and
anisotropic thermal parameters for Sr and Ca only, lowered the final R to 0.0@. The final

so-called weighted n:l lu,(lr. l -1nl),/L*lFol,l l  *ith zs,:1 is 0.070. At this stage
of the procedure, a site occupancy refinement for the Sr:Ca ratio was carried out without
restricting the total amounts of either cation, but assuming fully occupied sites; no change
in R resulted, and the Sr: Ca ratio calculated to unity. A final difierence sl'nthesis was rela-

tively featureless. The final parameters are given in Table 3, and the observed and calcu-

lated structure factors are compared in Table 4.1 The anisotropic thermal parameters and
resultant ellipsoids for Sr and Ca are siven in Table 5.

DrscnrprroN or rrrE Srnucruno

Consistent with the platy habit and good (010) cleavage of the crystals,
strontioginorite has a sheet structure. A stereoscopic pair view of the
structure is shown in Figure 1; a preliminary description was given by
Konnert, Clark and Christ (1970). The thick sheets parallel to (010)
contain both Sr and Ca cations held in a framework of polymerized
borate polyanions. Adjacent sheets are related by the 2l-symmetry axis.
Water molecules located between adjacent sheets form hydrogen bonds
among themselves and to hydroxyls of the sheets. The sheets are held
together by two Sr-OH bonds, and by hydrogen bonds among hy-
droxyls and water molecules; the structural formula of strontioginorite
is SrCaBr+Oro(OH)o ' 5H2O. Discussion of the structure, given in the
following, is divided into these sections: the polyanion sheets, including
the Sr and Ca coordination; the intersheet linkages, including the hydro-
gen bonding and water molecule environments; and charge balance
considerations.

Polyanion Sheets. A schematic drawing is given in Figure 2 of the crystal-
lographic unit that repeats to form the polyanion sheets of strontioginor-
ite. The portions of this unit labelled I and II are each similar
to the polyanion first found in polymerized form in tunellite,
SrBuOn(OH)2 . 3H2O (Clark, 1963, t964), and recently discovered in

1 Table 4 may be ordered as NAPS Document No. 0lll2 fuom National Auxiliary Publi-
cation Service of A.S.I.S., c/o CCM Information Corporation, 909 Third Avenue, New
York, N. y, 10022, remitting in advance $2.00 for microfiche or $7.30 for photocopies,
payable to ASIS-NAPS. The final standard deviation in I Fl is 11.8.
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Atom

1917

Structural elementa

Polyanion Ring
(See Fie. 2)

t l  r , 2
1 , 3
) a

1
3
2
r . 2 , 3
3
3
2
2
1
I

II, side chain linking
[,II '  l inking
II,I" l inking

Side chain

Water nolecules

1 7

2 , 3
I
3
2
1 7 4

3
3
2
2
1
1

linking
linking

Sr
Ca
B ( 1 )
B(2)
B(3)
B(4)
B(s)
B(6)
o(1)
o(2)
o(3)
o(4)
o(s)
o(6)
o(7)
oH(8)
oH(e)
o(10)
o(11)

B(? )
B(8)
B(e)
B (10)
B (11 )
B (12 )
o(12)
o(13)
o(14)
o(1s)
o(16)
o(17)
o(18)
oH(1e)
o(20)
o(2s)
o(26)

0 .  6178  (1 )
1264(1)

.3e03(8)
4334(8)

.2622(8)

.  s7s2(8)

.3410(8)

.3046(9)

.3667(4)

.4324(s)

.2627 (s)

.2s74(s)

.364s(s)

.s032(s)

.s443(s)

.2923(s)

.3876(5)

.177 4(s)

. 3221 (5 )

3902(8)
4223(8)

.2s49(8)
s704(8)

.3364(8)
2e22(8)
3628(4)

.4122(5)

.258e(s)

.2349(5)

.3680(s)

. s030(s)

.  J J ) d  ( J l

.2707 (s)
3810(s)

. r?29(s)

.328s(s)

4099(8)
.s247 (8)
.3730 (s)
.47 42(s)
s046(s)

.s952(s)

. 1096(6)
1s37 (6)
2367 (s)
0167 (6)
.0s0e(6)

o  1 7 1 1 ( 1 )
.2187 (1)
.20r0(7)
3031 (7)

.  1e61 (7 )

. z J l  J \ t  )

0571(7)
2306(4)

_ 2890(4)
.21s6(4)
.0e67(4)
.1038(4)
.2121(4)
.2942(4)

- . 0 3 7 s ( s )

.3e22(4)
l LLO(L \

.2682(4)

. 3189 (7 )
2021(7)
3110 (7 )
2s46(7)
2s30(7)
4s7 1(7)

.2839(4)
2040(4)

.3007(4)
407 t(4)

.4r7 5(4)

.304e(4)

.2136(4)
s488 (s)
r 160(4)

. 2s18 (4 )
2s68(4)

.  1489(s)
061 4(s)

.4s02 (s)

.0384(s)
-  .0246(s)

0 .7  s64 ( t )
.2463(1)

-  .  1236(E)
.0s04(8)
.012s (8)

- 0426(8)
. 1e20(8)

- .07e6(8)
-  016s(4)

163s(s)
1239(s)

- .0046(s)
- .  136e(s)
- . 1213 (s )

.043e(s)
- 1003(s)

.0146(s)
-  0ss7(s)

.2933(s)

.?2O7 (6)

.2715(6)

.84e3(s)

.866r (6)

.4008(6)

B(4,)

I  .25c
0 . 7 3 6
0 , 7  ( 2 )
1 . 0 ( 2 )
0 . 8 ( 2 )
o  7(2)
o  8(2)
1 . 1 ( 2 )
0 . 6 ( 1 )
1 . 0 ( 1 )
1 . 0 ( 1 )
r . 2 ( r )
1 . 1 ( 1 )
1 .0 (1 )
1 . 2 ( r )
2 .  r  ( 1 )
|  7 1 1 \

r . 2 ( 1 )
0 .  e (1 )

o.7 (2)
o .e (2)
0 .8 (2 )
0 .8 (2 )
0.  s (2)
0 .8 (2 )
0 .  s  ( 1 )
0 .9 (1 )
0 .9 (1 )
0 .  e (1 )
1 .0 (1 )
0 .8 (1 )
0.  e(1)
r . 9 (1 )
1 0(1)
0  e (1 )
1 .0 (1 )

B(13)
B(14)
oH(21)
o(22)
oH(23)
oH(24)

o 9(2)
0 . 9  ( 2 )
1 . s ( 1 )
1  . 3 ( 1 )
1 . 8 ( 1 )
1 . s ( r )

2  3 (1 )
2 .6 (1 )
2 . r ( t )
2  8 (1 )
2  8 (1 )

Irro(1)
H'o(2)
HO(3)
HrO(4)
I I IO(5)

u Unprimed polyanion related to single-prined polyanion by o-glide, and to double-primed polyanion by
c-translation.

b Errors in parentheses are for one standard deviation , e g , 0 6178(1) means 0.6178;l 0.0001, etc.
c Equivalent iotropic B calculated from anisotropic parameters (see Table 5).

Telln 3. Arourc AND IsorRoprc Teupnnarunr Pan.q.urmns FoR SrRoNTrocrNoRrrE

Parametersb

.3781 (8)

.  s384(8)

. s049(8)

.4s67(8)
6868 (7)

.41s2 (8)

.4816(4)
,  oJu /  (J l
.6183(4)
.47 57 (4)
.3694(s)
.3809(4)
. s39e(5)
.3e72(s)
.4898(s)
.441e(4)
.7919(s)

40e2(8)
27 36(8)
38e9(s)

.346s (5)

.2415(5)

.2s2e(5)

.0668(7)

.0623(7)
-  -o2re(4)

. 1041 (4)
-  .0264(s)

. 1170 (4 )
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Ta.ela 5. ANrsornoprc Tnrnruar- Panaunrnn TnNson Var.urs;
Tnnnulr- Etlrpsorns ron Sn.lNo Ce rN S:rnorrrrrocrNoRlTE

Anisotropic Thermal Parameters

Tensor Tensor valueX 104

0n '
p22

0,,
At t
13t,
P t )

Sr
2 6  . 5  ( 7 ) b
12 .0  (5 \
20 .1  (6 )
0 .  8  (4 )

t2 2 (.s)
1 . 3  ( 1 )

Ca
1s (1 )
7  (1 )

1 3  ( 1 )
-2  ( r )

8  ( 1 )
0  (1 )

Thermal Ellipsoids (axes r.)

Sr

Ampl i tudes (A) 0.102 (2)  0.113 ( ,

,\ngle (") of r;
rvit.h: I a 126 (3) 76 t.6t

1 1/ 106 (e) 163 (8)
lc 3t (a) 102 (8)

0.1s6 (2 )

40 (.2)
84 (2)
62 (2)

0.072 (6)

132 (6)
1  17  (13)
44 \9)

r 091 (5) 0.120 (4)

77 (i0) .r4 (s)
r52 (13) e8 (7)
116 (12) s8 (s)

" ' l 'hermal  parameter  tnrn ' ,  
" , ,pJ 

-  i  i  h ,h,p, , t .

b Errors in parentheses are for  one stant lard c leviat ion;  e.g. ,26.5 (7)  means 26' .5+0'7.

isolated form, [B6O7(OH)6]'-, in the crystal structure of macallisterite,
Mgz[BoOz(OH)u]' . gHrO (DaI Negro, Sabell i and Ungaretti, 1969). The
tunellite polyanion consists of three B-O tetrahedra and three B-O
triangles connected at corners, and having the characteristic linkage of
a central oxygen to the borons of the three tetrahedra. In I of Figure 2,
the central oxygen is O(1), and in II is O(12). Oxygens linked to only one
boron attach a proton, following the third rule of Christ (1960)' so that
in the monomer form each triangle and each tetrahedron has one hy-

droxyl ion. In the crystal structure of macallisterite (space group R3c)'
the central oxygen is located on a threefold axis, so that the monomer
in the structure has exact trigonal symmetry. In tunellite and in stron-
tioginorite, polymerization has occurred following the fourth rule of

Christ (1960) to produce polyanion sheets. As Figure 2 shows, strontio-
ginorite has two such polyanions (I and II), crystallographically distinct,
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Frc, 1. stereoscopic pair view along o* of the slrontioginorite structure, showing the
stacking of the polyanion Sheets and the intersheet linkages. Atoms are labelled in one of
t}le four polyanion sheets illustrated; U/ is used for the HzO (Table 3). The outline of one
unit cell is shown. origin marked oRI, c horizontal, b vertically up, and a into the paper.
Drawing produced u'ith ORTEP (Johnson, 1965).

S I D E  C H A I N

9e ,oHzq
\^ // \- -,2

ol3 Et4

?
Frc. 2. Schematic diagram of the lBraOzo(OH)6la- polyanion, oriented as in Fig. 3, lower

left. Tunellitelike polyanions marked by Roman numerals and rings by Arabic numerals.
Sheet linkages as follows: 0(26) to a B(1) translated by c; B(4) to an o(10) translated by
the o glide; B ( 10) to an O (25) also translated by the a glide.

l l
OHzr OHzt
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joined in pairs through a common oxygen, O(11). The pairs are l inked

into chains by sharing oxygens, 0(26) and its counterparts along the c

axis. The chains are joined into sheets by sharing oxygens O(10) and

O(25) through their o-glide equivalents.
To complete the strontioginorite polyanion, a polymerized side chain

of boric acid, [BrO2(OH)r]t-, has attached to one of the two larger poly-

anions at O(20), producing the full sheet of composition [B14O20(OH)614-,
illustrated in Figure 3 as it appears in the structure. A similar, smaller

side chain of boric acid, [BO(OH)r]1- is part of the polyanion

[BoOe(OH)b]t- found in the crystal structure of kaliborite, HKMgz

[86o8(oH)5]r,4HrO (Corazza and Sabell i, 1966). Isolated boric acid

Frc. 3. Stereoscopic pair view along - b of one polyanion sheet showing coordination for

one Sr and one Ca. Symmetric counterparts of Sr and Ca have been omitted for clarity.

The outline of the (010) plane is shown with origin at lower left, c along the horizolrLtal- w

is used to designate IIzO (Table 3). Drawing produced with ORTEF (Johnson, 1965)

groups, B(OH)3, have been found in the crystal structures of veatchite

(Clark and Christ, 1968) and p-veatchite (Gandimov, Rumanova

and Belov, 1968), both minerals of composition S&[BrOa(OH)h
.B (OH)3 'H rO .

The boron-oxygen distances in the strontioginorite polyanions are

listed in Table 6; the average for all tetrahedral B-O is 1.47 A, for all

tr iangular B-O, 1.37 A, in good agreement with those found in other

borate structures. Oxygen-oxygen distances average 236 h in the tri-

angles and 2.40 A in the tetrahedra. As in both tunellite and macal-

listerite, the average of 1.52 A for those B-O distances involving the

central oxygens is somewhat longer than the usual 1.47 A value for

tetrahedral B-O, again confirming the prediction made by Zachariasen

(1963) for the B-O distance of an oxygen linked to three borons. The



Teato 6. Bonox-OxvorN Bono LrNorns rw SrnoNrrocrNonrrr (See Fies. 2 and 3)

Ring No. Atoms in Polyanion No.
Bond Length (A)"

Polyanion No.

1 )

I

Tetrahedra
B(1 ) -O (1 )

-o(s)
-o(6)
-o(26)

B(2)-o(1)
-o,2)
o(7)

-oH(e)

B(3)-o(1)
-o(3)
-o(4)
-o(10)

II

B(7)-o(12)
o(16)

-o(17)
o (11 )

B (8)-O (12)
-o(13)
-o(18)
-o(20)

B(e)-o(12)
-o(14)
-o(1s)
-o(2.i)

I

1 . 5 2
1 . 4 5
1 .45
1 . 4 5

A v .  | . 4 7

I . J I

1 . 4 6
1 4.5
I 4 J

A v . 1  4 7

1 . 5 4
l  -+ . )

1  . 4 5
L M

A v  1 4 7

I I

I . J L

1 . + 5
1 .45
l . + J

1 . 4 7

1 . 5 1

1 4 6
t 4 +

t . + t

I . J Z

1  .45
1 . 4 5
t . 4 7

1 + 7

t ,  J

) ?

Overall averase tetrahedra 1.47 A

B(4)-O(6)
-o(7)
-o(10)

8(6) O(4)
-o(s)
-oH(8)

Bts)-o(2)
o(3)

-o(11)

Triangles
B(10) -O(17)

-o(18)
-o(2s)

B(12)-O(1s)
-o(16)
oH(19)

B(11)-O(13)
-Or14)
4(26)

I  J /

I . J /

I . J . )

A v .  1 . 3 6

r . 3 7
I J J

r . 3 7

A v . 1 . 3 6

t . J /

l - J /

l . J ,

r . 3 7

r . 3 7
1  . 3 6
t . J o

1 3 6

1  . 3 6
t . J /

l . J /

l . J /

36
34
40

2 a

Side Chain Triangles
B(13)-O(20)

-o(22)
-oH(21)

B(14)-O(22)
-oH(23)
-oll(24)

l . J o

l  - J /

l . J /

t 3 7

l . J /

1  . 3 6
1  . 3 8

I  J /Av
Overall average, triangies 1.37 A

'The average error in the B-o distances is *0.01 A, corresponding to one standarcl
deviation
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Ring Bond, polyanion Angle (o)', polyanion

'Ietrahedra
I

ro7  .3 (7)
109.0(7)
rOe.7 (7)
108 .3  (7 )
1 1 1  . 9 ( 8 )
1 1 0 . s ( 7 )

II

L , 2

1 , 3

o(1)-B(1)-O(s)
o(1)-B(1)-o(6)
o(1)-B(1)-o(26)
o(s)-B(1)-o(6)
o(s) B(1)-o(26)
o(6)-B(1)-O(26)

o(1)-B(2)-o(2)
o(1)-B(2) o(7)
o(1)-B(2)-oH(e)
o(2)-B(2)-o(7)
o(2)-B(2)-OH(e)
o(7)-B(2)-OH(e)

o(1)-B (3),o(3)
o(1)-B(3)-O(4)
o(1)-B(3)-o(10)
o(3)  B(3)-o(4)
o(3)-B(3) o(10)
o(4)-B(3)-O(10)

o(12)-B(7)-O(16)
o(12)-B (7)-O(17)
o(12)-B (7)-O(11)
o(16)-8 (7)-O(17)
o(16)-B(7)-O(11)
o(17)-B(7)-O(11)

o(12)-B (8)-O(13)
o(12)-B (8)-O(18)
o(12)-B (8)-O(20)
o(13)  B(8)  O(18)
o(13)-B (8)-O(20)
o(18)-B (8)-O(20)

o (12)-B (e)-O (14)
o(12)-B (e)-O(1s)
o(12) B(e)-O(2s)
o(14)-B (e)-o(1s)
o(14) B(e) O(zs)
o(1s)-B (e)-o(2s)

108.  6(7)
rOe.4(7)
10s.8(7)
108 . s(7)
111 .0 (7 )
1r3.4(7)

Triangles
o(6)-B(4)-o(7)
o(6)-B(4)-O(10)
o(7)-B(4) O(10)

o(4) B(6)-O(s)
o(4)-B (6)-Or{(8)
o(s)-B(6)-oH(8)

o(2)-B(s) o(3)
o(2)  B(s)-o( l1)
o(3)-B(s)  o(11)

o(17)-B (10)-O(18)
o(17)-B (10)-O(2s)
o(18)-B (10)-O(2s)

o(1s)  B(12)-O(16)
o(1s)-B(12)  OH(1e)
o(16)-B(12)-OH(1e)

r2r  .2(8)  121.6(8)
116 .0 (8 )  11s .3 (8 )
122.8(8)  r2s.2(8)

360 .0  360 .1

123.9(e) r22.0(8)
11e .9 (e )  11e .s (8 )
116.3(8) 118.4(8)

>  3 6 0 . 1  3 5 9 . 9

o(13) -B(11t -O(4 t  123.2(8)  121.5(8)
O  1 3 ) - B ( 1 1 )  0 ( 2 6 )  1 2 2 . 1 t 8 t  1 2 3 . 5 ( 8 )
o ( 1 4 ) - B ( 1 1 )  0 ( 2 6 )  1 1 + . 6 ( 8 )  1 1 . s . 0 ( 8 )

>  3 5 9 . 9 360.0

Side Clhain Triansles
o(20)-B(13)-0(22) o(2i)-B(r4)-oE(23) r?! 9.e)
o(zo)-B(r)-ortf2tt o(22)-B(14)-otr(24) . 11? 1(q)
oizzi-ei ts)-oH(zt)  oH(23)-B(14) oH(24) 11e.3(8)

t22.3(e)
11s .8 (8 )
12 r .9 (8 )

:  360  0  360.0

Ring Angles
B(1)-o(1) B(2) 

- 
n(z)-o(tz)-e(s)

B(2)  O(7) -B(4)  B(8) -O(18) -B(10)
B(4) -0 (6)  B(1)  B f i0 ) -o (17) -B(7)

B(1) -O( r ) -B(3)  B(7) -O(12) -B(9)
B(3) -O(4) -B(6)  B(q)  o (15) -B(12)
B(6)-0(s)-B(1) B(12)=O(16)-8(7)

B(2)-O(1)-B(3) B(8)-O(12)-B(e)
B(3)-O(3)-B(s) B(e)-o(14)-B(11)
B(s)-o(2)-B(2) B(11)-O(13)-B(8)

r2 r .o (7 )  11e .8 (7 )
121 .9(7) 12r.o(7)
126.r (7)  r25.r (7)

rr1.6(6) rr7 .4(6)
120 .8 (7 )  r24 .3 (7 )
124.4(7)  r2r .8(7)

120 .7 (.7) l|e .9(7)
r2s .8(7)  124.6(7)
119 .0 (7 )  t 23 .4 (7 )

A v .  1 2 1  . 9 t21 .9

oEr ro r s i npa ren thesesa re fo rones tanda rddev ia t i on ,  cg .  107 .3 (7 )  means1073+070
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T,qsm 8. Bonon-BonoN Drsr.lNcss rN SrRoNrrocrNonrrr (See Figs. 2 and 3)

Ring No. Number of Boron in Polyanion B B Distance (A;', Polyanion

I
(1)-(2)
(1)-(4)
(2)-(4)

(1)-(3)
(1)-(6)
(3)-(6)

r / t \ - / ? \

(2)-(s)
(3)-(s)

II
(7)-(8)
(7)-(10)
(8)-(10)

(7) (e)
(7)-(r2)
/o)-/ 1 ? \

(8)-(e)
(8)-(1 1)
(e)-(11)

I
2 . 6 3
2 . 5 2
2 . 4 6

2 . 6 2
2 . 4 7
1  A l

2 . 6 5
2 . M
2.48

u
2 . 6 2
2 . 5 1
2 . 4 6

2 . 6 0
1 L <
2 . 4 9

2 . 6 3
2 . 4 9
2 . 5 0

Linking to adjacent polyanionsb
r, rr (5)-(7)
r, rr" (1)-(11)
r, r' (3)-(4)
II, II' (e)-(10)

2 . 5 0
2 .50
2 .46
z . J l

In the side chain
(8)-(13)
(13)-(14)

2 . 5 4
2 . 4 9

Average B B distances (A)

Overall average for 24
Average for 6 tetrahedron-tetrahedron
Average for 17 tetrahedron-triangle
Triangle-triangle (side chain)

2 . 5 2
2 . 6 3
2 . 4 8
2 . 4 9

n Average error in B-B distances is +0.014, corresponding to one standard deviation.
b Unprimed polyanion related to single-primed polyanion by a-glide, and to double-

primed polyanion by c-translation.

angles in the polyanions are given in Table 7 and fall within expected
values; the triangles are planar within the limits of error. Boron-boron
distances are listed in Table 8; the average B-B distance within the

[B14Or0(OH)6]a- polyanion is2.52 A; the average B-B distance involved
in cross- l ink ing to form the sheets is  2.49 A.

Equations for the planes of the three oxygen atoms in each of the
six-membered rings of the strontioginorite polyanions are given in
Table 9. For the polyanions of strontioginorite, tunellite, and macal-
Iisterite, the distances of the borons and the remaining triangle oxygen
or hydroxyl from the planes are given in Table 10, and the angles be-
tween various planes are given in Tables 11 and 12. Tlne deviations f rom
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planarity do not exceed a maximum of about 0.5 A for any ring atom
(Table 10), whether its polyanion is isolated or l inked. Bending of ring
planes about the central oxygen increases from 18o in the macall isterite
polyanion to a maximum of about 37o in strontioginorite polyanion I
(Table 11). In both polyanions I and II in strontioginorite, rings l and
3 deviate Iess from coplanarity than does ring 2 from rings 1 and 3.
Reference to Figure 1 shows that the deviation of ring 2 alternates in I
and II in such fashion that the triangle hydroxyls OH(8) of I and OH(19)
of II can form hydrogen bonds between adjacent sheets.

The Ca and Sr cations must be considered as belonging to the sheets,
because the cations fit into spaces of the large polyanion (Fig. 3) and
are coordinated primarily within one sheet. The cation-ox1,gen distances

Tnnrr 9. EeuarroNs or Pr,enrs ron OxvcnN Arolrs or Rrxcs rN ruB SrnoltnocrNoRrrn
Por,v.nrqroNs (See Fig. 2)

Coefficients of Equation"

Ring Polyanion II

I

2
3

0 368
0 752
0 889

t.6t2 0 849
0.829 1 .022
1.569 0 482

" Pxt{)ytLz:1 where n, y, z are atomic coordinates (Table 3)

are given in Table 13. Ca is S-coordinated by one water molecule, plus
six oxygens and one hydroxyl ion within one sheet. The Ca-O dis-
tances range f rom 2.313 to 2.600 A;  the average is  2.504 A,  somewhat
higher than average Ca-O distances in the structures of the 2CaO
'3B2OB'rHrO series of borates (Clark, Appleman, and Christ, 1964),
but within the sum of effective ionic radii for 8-coordination, given as
2.52 Aby Shannon and Prewitt (1969). Sr is 10-coordinated by two water
molecules, two hydroxyl ions from a side chain in one sheet, and six
oxygens from a second adjacent sheet. The Sr-O distances range from
2.570 to 2.88a A; the average is 2.680 A, slightly less th:rn the2.736 fi
average found for the l0-coordinated Sr in tunell ite. However, 10-
coordinated Sr has been reported in the structure of Sra(POr)r with an
average value of 2.67 A (Zachariasen, 1948)1 and in the st-ructure of
Sr(MnO+)z '3HrO wi th an average value of  2.677+0.074 A (Ferrar i

1 This example was overlooked by Clark (1964) who reported tunellite as the first

tructure having 1O-coordinated Sr.

6  1 7 4  - 2 . 7 5 r
- 4 . 1 1 5  4 . 2 3 5
11 .039 -2 .009
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Tasm 11. ANcr,os Bnrwnrx Pr-erns or Por.veNrox Rnqcs CoMr'-{REo ron
StnoNtocrNontm, TuNrr,r,rrr .lrn Mecar,r,tstnnrtc Por,v.lNrous

(See Fig. 2 and Tables 9 and 10)

Ring Nos.
Angles (")

Strontioginorite
(Present study)

Tunelliten Macallisteriteb
(Clark, 1964) (Dal Negro el al.,

1969)

I t o 2
1 t o 3
2 t o 3

Polyanion I
3 7 . 1
16.6
3 7 4

Polyanion II
28.3
19 .  1
28.5

28
33

1 7  . 8
1 7  . 8
1 7 . 8

'Supplements of those given in reference.
b Calculated by present authors from data in reference.

et al.,1966). The cation polyhedra are isolated and do not share corners
or edges with one another or with symmetry-related counterparts.

Intersheet Linkage, Hydrogen Bonds and Water Molecwle Enaironments.
Adjacent sheets are held together directly by : ( 1) the l inkage of Sr by hy-

droxyls in successive sheets, as already described, and (2) by five hydro-
gen bonds involving. six hydroxyl ions in two different sheets. Additional
l inkages occur through two water molecules, HrO(1) and H2O(3), which
each coordinate Sr in one layer and form hydrogen bonds with, respec-
tively, OH(19) and O(4) in the adjacent layer (Fig. 1). The other three

'Iaer.n 
12. Axcr,ss BBrwBuN Pr,exo or TnreNcr,n OxvoBNs Lno PurB ol RrNc OxvcnNs

Colrpamn lon SrnonrrocrNoRrrE, Tulwr,r.rrr eNo Mecer,r-rstnntrB Polvasroxs

(See Fig. 2 and Tables 9 and 10)

Ring No.
r,rr Triangle

Boron

Angle (')

Strontioginorite
(Present study)

Macallisterite'
'funellite* (Dal Negro el ol ,

(Clark, 1964) 1969)

1
2
3

Side chain AB (13)
to ring 1
to ring 3

^B(13) to  ̂ B(14)

Polyanion I
7 . 8

1 4 .  5

0 . 5

Polyanion II
4 . 8

1 4 . 8
1 5 .  7

7 8 . 2
7 1  . 7

8 . 3

12
8
4

1 4 . 8
1 4 . 8
1 4 . 8

a Calculated bv present authors from data in reference
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Tenre 13. Car,cruu lNn SrnoNrruu CoonurNerroN rN SrnoNnoctxourn (See Fig. 3)

o(2)
o(3)
o(7)
o(11)
o(17)
oH(24)
o(2s)
HrO(2)

o(6)
o(10)
o(13)
o(14)
o(18)
oH(21)
oH(23)
o(26)
HrO(1)
HrO(3)

-  0.0676
0.2628
0.0443
0.3221
0.0030
0 .0952
0.1729
0.  1537

0. s032
o . 6 7 7 4
0.4 t22
0.7589
0. 5358
0.6270
o.4954
0. 8285
0.6096
0.7367

v
0.2rr l
0. 2 156
0. 2058
o.2682
0.  1951
0.3830
0 .2518
0.0614

0 .1635
0.1239
0.0439
0.2933
0.3809
0.2329
0.M19
0.2715

0.8787
0.9444
0.6507
0.6183
0. 5399
0.6101
0. 7s85
0.79 t9
0.7207
0.8493

Oxygen Atom Location
Ca-O Distance

(A).

2.s04(7)
2.s67 (6)
2.600(7)
2.s63(6)
2.s79(6)
2 .n7Q)
2.4ee(6)
2 .3 13 (8)

Mean
2 . 5 0 4

Distance
(A)"

2.623(6)
2.884(6)
2 .68e(7)
2 .606(6)
2 .  s98(7)
2.710(6)
2.663(7)
2 .U9(6)
2.608(7)
2 .s70(7)

o .2 t2 l
0.2552
0.2040
0.1993
0.2136
o 02t9
0.0264
0.2+32
0 .351  1
0.0498

Mean
2 .680

'ry: coordinates of Ca and Sr given in Table 3. Errors in parentbeses are for one stan-
dard deviat ion,  e g. ,2.504(71means 2.504.0.007 -4, .

water molecules form hydrogen bonds among themselves and to pol)-
anion oxygens. The intersheet l inkages and the hydrogen bonds are
shown in Figure 1, and the distances are given in Tables 13 (Sr-O) and
14 (hydrogen bonding and water molecule environnent). The hydrogen
bonds have been selected within the range of distances from 2.5 to 3.1 A,
avoiding edges of cation polyhedra. The shortest hydrogen bonds are
those involving hydroxyls in the intersheet linkages. Only in a few cases
is it possible to identify the atom donating its proton to form the bond
(Table 14).In general, the bonding is among hydroxyls and water mole-
cules and attempts to derive a donor scheme end in ambiguitv. The

Prerience of the heavy Sr atom prevents direct determination of proton
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TasrE 15. Crer.cn Blr-aNcr ron OxvorN eNo Hvonoxvl- Iors rN SrRoNrrcrNoRrotn

Oxygen or
hydroxyl ion

Contribution iu valence unitsa
H-

B Ca Sr bond

Oxygen or
hydroxyl ion

Contribution in valence uuitso
H-

B Ca Sr bond

Polyanion I
o(1)
o(2)
o(3)
o(4)
o(s)
o(6)
o(7)
oH(8)
oH(e)
o(10)
o(11)

0 1 7
0 3 0

0 2 0  - -

1 0 9
1 2 9

o . 2 0

Polyanion lI
o(12)
o (13 )
o(14)
o (1s )
o (16 )
o (17 )
o (18 )
oH(1e)
o(20)
o (2s)
o(26)

Side chain
oH(21)
o(22)
oH(23)
oH(24)

1 .96
1 . 9 9
1 . 9 9

0 . 2 9  2 . 0 8
0 . 2 2  2 . O 5

2 . O 3
1  . 9 8

t 0 2  2 0 3
o . 2 0  2 . 0 2

2 0 1
2 . 0 0

1 . 9 2
1 7 6
1 8 8
1 8 3
1 . 8 7
1 . 7 9
I  . 8 1
0 . 9 3
0 . 8 1
1 3 6
1 . 7 9

o 2 5
0 2.5

0 2 5

0 . 2 5

r 9 2
2 0 1
2 1 3
2 0 0
2 1 7
1 9 9
2 0 6
2 0 2
2 t o
2 . 0 6
2 . O 4

1  . 9 6
1 7 9
1 . 7 9
t 7 9
1  . 8 3
1 . 7 8
1 .  ? 8
1 0 1
1 8 2
1 7 6
1  . 8 0

0 9 8
1  . 9 6
1 0 3
o . 9 7

0 2 0
o . 2 0

0

0  2 0  0 . 7 0  1 . 8 8
1 9 6

0 . 2 0  0 . 7 0  1  9 3
0 . 7 5  1 . 9 7

a Assigned as follows: B and ll-bond contributions from relationships with B-O and H-bond lengths as
given by Zachariasen (1963); Ca and Sr contributions2/8:0.25 atd2/10:O 20,rcspectively.

positions, which were sought but not found in the final difierence
Fourier.

Charge Bal,ance Consideratioms. In Table 15, the charge contributions of
boron, Ca, and Sr to each oxygen or hydroxyl ion of the polyanion are
given. In assigning the boron contribution, the B O distance was taken
into account, following the bond length-bond strength relationship given
by Zachariasen (1963). Cation-oxygen distances were not taken into

account for the Sr and Ca contributions, each Sr-O bond being assigned
a value of 2/10:0.20 valence units, and each Ca-O bond a value of
2/8:0.25 v.u. The calculated sums f or the contributions of boron, Sr,
and Ca deviate considerably from the expected values of 2 v.u. for an
oxygen ion and 1 v.u. for a hydroxyl ion. However, when the hydrogen
bonds are considered, again following a method proposed by Zachariasen
(1963), the sum for each oxygen, taken over all 26 oxygens of the sheet,
averages to 2.02 v.u. Considering the diff i.culties in assignment of proton

donors in strontioginorite, the calculated value of the charge balance for

each oxygen is satisfactory (Table 15). Moreover, it is clear that hydro-
gen bonds do occur (Table 14) where the deficiencies found on the sim-
pler nr-odel would indicate.
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